Abstract. The dissociative recombination (DR) of
This chemistry is illustrated schematically in Figure 1 . Under typical daytime conditions at 100 km, the lifetime against ionization is more than a day. 7 Neutralization of Fe + in the MLT occurs in two ways. The first is through formation of a molecular ion, followed by dissociative recombination (DR) with an electron. 8 Dielectronic recombination (where a free electron is captured and simultaneously excites a core electron of the ion) is a significant process for Fe + because the 6 D J ground state has finestructure splitting. 12 In fact, the combination of radiative and dielectronic recombination of Fe + is relatively inefficient at the low temperatures of the MLT, with a rate coefficient calculated from the R-matrix method to be 8 × 10 -12 cm 3 molecule -1 s -1 at 200 K. 11 However, above 120 km there is essentially no O 3 , the atmospheric pressure is very low and the kinetic temperature is high so that molecular ions do not form readily via R4 -R6. In this region, radiative and dielectronic recombination explain the small concentrations of neutral Fe that have recently been observed up to 190 km. 13 Sporadic E layers are thin layers of highly concentrated plasma consisting of metallic ionsmainly Fe + -and electrons, which affect radio wave propagation. 1, 2 Lidar observations have revealed the phenomenon of sporadic neutral Fe layers, which often appear explosively below 100 km and can last for several hours. 14 There is a strong statistical correlation in space and time between sporadic E and the appearance of these neutral Fe layers, which has led to the proposal that sporadic Fe layers are triggered when sporadic E layers descend below about 100 km and the neutralisation of Fe + becomes rapid. 14 Thus the chemical lifetime of sporadic E layers, and an explanation for sporadic Fe layers, require a complete understanding of the neutralization pathways of Fe + .
In the present study we investigate the DR of FeO + (highlighted in red in Figure 1 ). This is the only reaction in the sequence R1 -R8 that has not been studied previously. + and any metastable He(  3 P) atoms present in the plasma into Ar + ions. 18 As a result of the removal of metastable atoms and the large collision cross section of He, the plasma should have cooled down to ~300 K within 100 mm of the plasma injection point. 18 The electron density of the resulting Ar 
Experimental

Results
Diffusion
A significant difference between the setup used here and previous DR measurements is that the Langmuir probe is fixed in position relative to the flow; it is able to be retracted from the flow into a side arm, but only measures electron density at one point in the flow tube. The mass spectrometer and the iron rod are also fixed in place. The result of this is that the only way to sample the concentrations of electrons and ions at different times during the reaction is to vary the flow rate of the bath gas while maintaining a constant pressure. Figure 3 illustrates the absolute electron density decrease due to ambipolar diffusion to the walls in the Ar + plasma, which is well fitted by a single exponential decay and enables the electron density to be extrapolated to flow times outside of the range directly accessible by the Langmuir probe.
The diffusion coefficient for an ion X + in He can be obtained from the equation discrepancy between 1.83 and 2. Ambipolar diffusion will be faster than twice the rate of diffusion of ions in a neutral gas if the electron temperature, T e , is higher than the ion temperature. 23 However in this case, the fact that the measured diffusion coefficient is slightly less than twice the rate of the ion-neutral diffusion confirms that the system was thermally equilibrated at the point where the plasma reached the Langmuir probe. where the error is the standard deviation from 3 data sets (averaging 7 measurements each). which is a mean of previous measurements (see above), the best fit yields
where the quoted error includes an assigned ± 15% uncertainty in k 12 . Inspection of Table 1 shows that the value for k 11 obtained in the present study is in very good agreement with previous measurements. In fact, it was then found that there was sufficient oxidation of the surface of the Fe rod (when exposed routinely to air) that FeO + was produced directly by ablation, so addition of N 2 O was not required. Figure 6 illustrates a sequence of time-resolved FeO + pulses measured at the downstream end of the flow tube for a range of flow velocities (or flow times, since the pressure is constant). One significant advantage of the pulsed ablation system is that the arrival time of the pulses gives a direct measure of the axial flow velocity in the tube, rather than using the mass flow rates and pressure to calculate the plug flow velocity and applying a laminar flow correction. 30 In practice, this latter procedure for calculating the flow velocity, which had to be used for the study of N 2 O + and O 2 + described above, always agreed to within 8% of the direct measurement. is then the other unknown fitted parameter. 
Discussion
The measured value of k 7 is 2 -3 times larger than the rate coefficients typical of DR reactions involving diatomic ions, 17 exemplified by the O 2 + DR reaction measured here (k 11 ).
This probably reflects the high density of FeO Rydberg states that will be involved in the reaction. k 7 is also roughly twice as large as the value that that has been used in atmospheric models of meteoric Fe. 7, 8, 36 A comprehensive review shows that DR reactions tend to have a small negative temperature dependence, which can be expressed as T -n with n between 0.5 and 1. 17 If n were 0.5 then k 7 would be only 22% higher at 200 K, a typical mesospheric temperature. While the experimental temperature range of the flow tube could be extended to 200 K as we have done previously, 37 it would not be possible to measure a difference of only ~20% in k 7 , given the additional uncertainties with the temperature dependences of other parameters in the kinetic model. Here we assume a T -0.5 dependence.
We now consider the impact of the FeO + DR reaction on the lifetime of Fe + in the MLT region. As discussed in the Introduction and illustrated in Figure 1, 
We have recently developed a global atmospheric model of meteoric iron (WACCM-Fe). 36 The model includes the seasonally varying meteoric injection rate profile of Fe and a detailed description of the neutral and ion-molecule chemistry of iron, incorporated into the WACCM chemistry-climate model. WACCM-Fe simulates the mesospheric Fe atom layer satisfactorily, particularly for northern mid-latitudes. 36 However, in that modeling study the high sensitivity to k 7 of the underside of the Fe + ion layer was identified using a 1D model.
We have now rerun the full 3D model simulation using the measured value for k 7 with an assumed T -0.5 dependence. Figure 9 shows the vertical profile Fe + measured over Red Lake , Canada using a rocket-borne mass spectrometer during daytime. 39 Note how the Fe + density increases extremely rapidly by over 3 orders of magnitude between 80 km and the peak around 95 km, before decreasing again above 100 km. Plotted for comparison are two WACCM simulations for similar conditions (solar maximum year), using the previously assumed value of k 7 and the larger value measured in this study. Clearly, the model run with the new value of k 7 captures the very small scale height on the underside of the layer and the Fe + peak density very well, whereas the smaller value of k 7 used previously causes the peak density to be overpredicted by a factor of ~3. Note that the discrepancy between both WACCM simulations and the measurements above 100 km appears to be due to an incomplete description in WACCM of electrodynamic transport in the thermosphere. 36 Specifically, WACCM does not include the Lorentz force, which manifests as an upward drift of ions when an eastward wind transports through them through the Earth's magnetic field. This can result in significant upward transport of a long-lived species such as Fe + above 100 km. 40 
Conclusions
In this study we have reported the first measurement of the rate coefficient for the DR of Peverall et al.
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(1.9 ± 0.5) × 10 -7
Fournier et al. rocket-borne mass spectrometry at Red Lake, Canada (51°N, 267°E at 16:52 UT) 39 (diamonds); modeled by Feng et al. 36 (solid line); and modeled using the rate coefficient for k 7 (FeO + + e -) measured in the present study (dashed line).
